Abstract-As a common post-translational modification of proteins, glycosylation has been proven effectively influence the activity of enzyme. To improve the activity of endoglucanase (EGII) from Rhizopus stolonifer TP-02, we studied the effect of glycosylation on the structure and activity of EGII. Two potential glycosylation sites (N84 and N150) were predicted, of which N150 was located in the entrance of catalytic domain (CD). N84D and N150D was obtained by overlapping PCR and expressed in Pichia pastoris for purification. Compared with EGII, the specific activity of N84D was decreased by 28.7%, whereas the activity of N150D was increased by 56.9%. Dynamics simulations results indicated that the N-glycans located in the active center could repress the activity of EGII due to the steric hindrances that effectively hinder the cellulose chains to enter the CD domain.
INTRODUCTION
Glycosylation is a common type of the post-translational modifications in eukaryotic proteins [1, 2] . More than half of the proteins found in nature undergo glycosylation, of which three quarters are N-glycosylated [3, 4] . The N-linked glycosylation recognizes asparagine (N) residues with a conserved amino acid sequence N-X-S/T/C (where X can be any residue except proline) [5] [6] [7] . As a ubiquitous and complex protein post-translational modification, Nglycosylation affects the protein folding, secretion, intracellular transport and localization [8, 9] . It has been confirmed that N-glycosylation maintains the stability of proteins via the steric hindrance caused by N-linked glycan avoiding the hydrolysis of protease [10] [11] [12] . The importance of N-glycosylation in regulating the structure and function of cellulases has been reported, which indicated the unique and diversified role that N-glycosylation played [13] [14] [15] [16] .
As a major component of the cellulases, endoglucanase that catalyzes the hydrolysis of cellulose to yield cellooligosaccharides by facilitating the random cleavage of the internal β-1,4-D-glycosidic linkages has been widely studied because of its application to a wide range of industrial fields [17, 18] . One of the bottlenecks to widespread application of endoglucanase is the enzymatic activity to hydrolyze the cellulosic material into sugars. Site-directed mutagenesis is used to modify the structure and improve the catalytic efficiency of endoglucanase [19, 20] . Furthermore, the structure-function relationship of endoglucanase is one of the hot topics, although it has yet been fully clarified.
In order to enhance the catalytic ability of endoglucanase, herein this paper, mutation of the glycosylation sites of the endoglucanase from R. stolonifer TP-02, together with the corresponding catalytic structure and effects on the enzymatic activity were studied.
II. MATERIALS AND METHODS

A. Strains and Culture Conditions
R. stolonifer TP-02 was isolated in our laboratory and stored in China General Microbiological Culture Collection Center (CGMCC No. 11119). Recombinant cloning vector pET28a-eg2, Escherichia coli DH5α, plasmid pPIC9K, and Pichia pastoris GS115 were stored in our laboratory.
Fermentation of P. pastoris in the 10 L fermenter was referenced in P. pastoris expression kit (Invitrogen) and Pichia Fermentation Process Guidelines (Invitrogen). MM   TABLE I. SEQUENCES OF PRIMERS FOR AMPLIFICATION OF TARGET GENES medium containing sodium carboxymethylcellulose (CMCNa) was added to a final concentration of 1% for the CMCNa. The concentration of Congo red was 10.
B. Predicted N-glycosylation Site and Site-directed Mutagenesis of Target Gene
The NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/service s/NetNGlyc/) was used to predict the N-glycosylation and mutagenesis site of eg2. To obtain eg gene from the recombinant plasmid pET28a-eg2, we designed the primers shown in Table I (the restriction sites are underlined). The original gene was used as a template. Overlapping PCR technique was used to complete the mutagenesis of eg2 glycosylation sites [21] . Two groups of four primers were designed (Table I, the mutated bases are underlined). The following PCR reaction conditions were adopted: initial denaturation at 94°C for 5 min, 30 cycles at 94°C for 50 s, 52°C for 50 s, and 72°C for 90 s, followed by 72°C for 10 min.
C. Bioinformatics Analysis and Molecular Dynamics Simulation of EGII and Its Mutants
Glycosylation sites analysis of EGII was predicted by using NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services /NetNGlyc/). The PDB database was used to search templates for homology modeling. Bioinformatics software Discovery Studio 2.5 (DS2.5) was used to simulate the 3D structure of EGII. Molecular slicing was completed in Libdock modules of DS2.5. Molecular dynamics simulation was conducted to analyze and elaborately explain the catalytic processes of EGII and its mutant. The process of molecular dynamics simulation was as follows: firstly, the protein-ligand complexes were given force field by CHARMm in DS2.5 [22] ; secondly, sodium and chloride were added into cations and anions, respectively; finally, the steps and time steps were 8000 and 0.002 ps, respectively. The set type was NPT.
D. Construction and Selection of The Recombinant Yeast
After purification and digestion with EcoRI and NotI, the PCR amplified fragment was linked by T4 DNA ligase at the corresponding cloning sites of pPIC9K vector. These products were transformed into E. coli DH5α competent cells, and the positive clones were screened to construct the expression vectors pPIC9K-N84D, pPIC9K-EGII, and pPIC9K-N150D. After linearized by SalI, these three recombinant plasmids were transformed into P. pastoris competent cells by electroporation. Ice-cold 1 mol/L sorbitol (1 mL) was immediately added to the electroporation cuvette after pulsing and screened in MD agar plates at 30°C for 3 days. Sterilized toothpicks were used to pick monoclonal colonies, which were then inoculated into MD and MM agar plates. The MM agar plates contained 1% CMC-Na. After 3 days, the MM plates were stained with Congo red. The corresponding strains that had large clear zone of hydrolysis in MD agar plates were selected for subsequent tests.
E. Purification of Recombinant Proteins
The seed culture medium was inoculated into 10 L of fermenter containing fermentation basal salt medium (containing 4% glycerol). The medium was maintained under dissolved oxygen of more than 20%, temperature of 30°C, and pH of approximately 5.0. When the cell wet weight reached 200 g/L, glycerol feed was terminated and the supernatant entered into the methanol fed-batch phase. After being induced for 96 h, the supernatant was concentrated and precipitated. Buffer A (20 mM Tris-HCl + 0.5 M NaCl + 20mM C3H4N2, pH 7.0) was then used for dialysis for 24 h. ÄKTA prime plus (GE Healthcare) rapid purification system was employed to purify the target proteins. The sample was adsorbed and balanced on the Ni column [23] . Afterward, the sample was added with buffer B (20 mM Tris-HCl, 0.5 M NaCl, 200 mM-500 mM C3H4N2, pH 7.0) for linear gradient elution. The rate was 1 mL/min. Fractions were collected for activity assays and analysis by sodium dodecyl sulfate polyacrylamide gel electrophoresis.
F. Enzymatic Assays
Endoglucanase activity was measured by the release of the reducing sugar during hydrolysis of CMC-Na or phosphoric acid swollen cellulose (PASC) using the DNS method [24, 25] . Enzyme solution (1 mL) was incubated with 1 mL of 1% (w/v) CMC-Na or 2% (w/v) PASC in sodium acetate buffer (0.1 M, pH 4.8) at 50°C for 30 min. Inactivated enzyme solution was used as a control group. One unit of endoglucanase activity releases 1μmol of reducing glucose per min.
CMC-Na and PASC were used as substrate to measure kinetic constants. They were added into the enzyme solutions with a concentration between 1 and 10 mg·mL-1. Lineweaver-Burk plots were used to estimate Km and Vmax.
III. RESULTS AND DISCUSSION
A. Glycosylation Sites Prediction and Structural
Simulation of EGII As previously reported, EGII contains a fungal cellulose binding domain CBM1 (29-57) and a catalytic domain that belongs to glycoside hydrolase family 45 (129-305) [26] . The results of glycosylation sites analysis showed that there are four potential glycosylation sites (N84, N111, N150 and N295). However, N-glycosylation was predicted to occur at the characteristic sequence motifs N-X-T (very often), N-X-S (often) or N-X-C (very rare), where X could be any residue except proline [6] . Hence, N84 and N150 were most likely glycosylated.
To study the conformational change of EGII without glycosylation, the 3D structural model of EGII and its mutants were constructed by homology modeling (Fig. 1) . Two glycosylation sites, namely N84 and N150, were marked. The N84 was located at the linker close to CBM, whereas the N150 was located at the entrance of the catalytic activity center of EGII. Considering to the stability of structure, asparagine (N) was anticipated to be replaced by aspartic acid (D). Fig. 1(e) and Fig. 1(f) displayed the deglycosylation conformation.
B. Mutagenesis and Expression of Recombinant EGII
EGII, N84D, and N150D were successfully expressed in P. pastoris screening by the MM agar plates that contained 1% CMC-Na. The CMC-Na could be hydrolyzed by endoglucanase to produce oligosaccharides that react with Congo red forming different sizes of transparent circles around the clones [27] . The sizes of these transparent circles were positively correlated with endoglucanase activity. Accordingly, the activity of N150D might be higher than EGII, of which the transparent circle was large (Fig. 2) . In contrast, the deglycosylation of N84 might reduce the normal activity of EGII.
C. Purification and Enzymatic Characteristics of Recombinant Proteins
Given that the target gene contains 6-His tag in its Cterminal, protein could specifically bind to the metal Ni. The nickel column purification system (ÄKTA prime plus) was used to purify the target proteins (Fig. 3) . Further enzymatic characteristics of three purified proteins (EGII, N84D, and N150D) were studied. The results showed that specific Figure 3 . SDS-PAGE analysis of purified EGII, N84D and N150D. The substrate used for enzymatic assays was CMC-Na; ND: not determined. activity of N84D was decreased by 28.7% compared with EGII, whereas the activity of N150D increased by 56.9% (Table II) . Km can determine the approximate affinity of enzymes and substrate. A smaller value of Km means a greater affinity. The Km value of N150D was lower than that of EGII, suggesting that the N150D have a greater affinity (Table III) . However, a contrary result was observed in N84D. The Vmax of N150D was higher than that of EGII, whereas the Vmax of N84D was lower than that of EGII. All these results indicated that the N-glycans of EGII can affect its substrate affinity and catalytic efficiency.
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D. Dynamics Simulations of Recombinant Proteinss
In order to analyze the effect of N-glycosylation on the structure and function of EGII, dynamics simulations were adopted. The results indicated that removing the N-glycans of N150 could result large change of the overall conformation of CD, particularly the changed contact angles might influenced the interaction capabilities of enzyme and substrates. The glycosylation site N150, which was situated at the loop of CD, may inhibit the activity of the loop that located at the entrance of the catalytic activity center. Thus, this phenomenon may change the path of the cellulose entering into the catalytic activity center, affecting its catalytic efficiency. As Fig. 5 showed, the style of cellulose chain entered into the catalytic activity center of different CD conformations was different. Similar to most endoglucanases, all the cellulose chains entered into the catalytic activity center of EGII via its unique "groove" structure (Fig. 4a) . However, this particular entry mode was changed in N150D (Fig. 4b) . Meanwhile, the degrees of interaction between the enzyme and substrates were changed.
Notably, kinds of interaction forces are existed between cellulose chains and the cellulases, including van der Waals forces, hydrogen bonding, and electrostatic forces, wherein the hydrogen bond plays a major role. The effect of hydrogen bonds on the cellulose chain was more obvious in N150D than EGII and N84D, which means the cellulose chains were more likely to cleaved (Fig. 5) . Moreover, the heat map of hydrogen bonds primarily reflects the key hydrogen bonds in the catalytic process, of which deeper red color indicates stronger hydrogen bond force. Fig. 6 showed the strengthening effect of the key amino acids after mutation and the number of major amino acids involved in increasing catalysis, resulting in the superiority of the entire system of N150D to EGII. The key sites in N150D included Y135, C139, Q140, D173, R229, D231, and D242, of which three aspartic acids are the catalytic sites. Furthermore, The total energy was enhanced from -5.8×105 kJ·mol -1 to -4.4×105 kJ·mol -1 (Fig. 7) . In general, N-glycans have an important role in stabilizing the conformation. The N-glycans of N84 might support the CBM to firmly grasp the cellulose chains. The Nglycans of N150 might contribute to stabilize the CD conformation. However, this stability formed steric hindrances, which hinder the natural binding of CD and cellulose chains repressing the activity of EGII.
